Context: Circulating thyroglobulin antibodies (TgAb) can confound measurement of serum thyroglobulin and impair thyroid cancer surveillance. Few data exist on the significance of TgAb in pediatric thyroid cancer.
T hyroid cancer is the most common endocrine malignancy in both children and adults. Although the risk of mortality from thyroid cancer is low, lifelong surveillance is mandatory due to the risk of disease recurrence, which may occur many years after initial treatment and apparent cure. This issue is especially salient in children with thyroid cancer because of the decades of monitoring required.
Because many differentiated thyroid cancers produce thyroglobulin (Tg), measurement of serum Tg can detect thyroid cancer recurrence or progression and is therefore an important element of long-term surveillance in patients with thyroid cancer (1) . However, circulating Tg antibodies (TgAb) can confound conventional Tg assays and thereby prevent accurate measurement of Tg levels (2, 3) . TgAb therefore represent a significant clinical issue in thyroid cancer monitoring (4) . Persistent or rising TgAb titers have been associated with disease recurrence, whereas early clearance of TgAb may be associated with decreased risk of recurrence (2, (5) (6) (7) (8) (9) (10) (11) . For this reason, longitudinal monitoring of TgAb levels as a surrogate tumor marker is recommended in patients in whom TgAb prohibit accurate measurement of Tg levels (1) .
Although the prevalence of TgAb in pediatric thyroid cancer is unclear, it may be higher than the rate of 20 to 30% in adults with thyroid cancer (2, 4, 12, 13) . Lymphocytic infiltration of the thyroid is common either within or remote from a thyroid tumor, and the presence and concentration of TgAb correlate with the degree of lymphocytic thyroiditis in adults with thyroid cancer (14) . The fact that lymphocytic thyroiditis occurs in 42 to 88% of pediatric patients (10, (15) (16) (17) compared with 23 to 40% of adult patients (18) (19) (20) suggests that children may have a more robust autoimmune response to thyroid cancer, which could result in a higher prevalence of TgAb in children than in adults.
Given the clinical relevance of TgAb and the extended duration of monitoring required in pediatric thyroid cancer patients, we retrospectively analyzed the prevalence and natural history of TgAb in 73 consecutive children with thyroid cancer seen in our multidisciplinary pediatric thyroid clinic.
Subjects and Methods

Subjects
We reviewed the hospital records of all pediatric patients (#18 years of age) with nonmedullary thyroid carcinoma seen between 1999 and 2014 in our multidisciplinary pediatric thyroid program located at a large academic medical center. Patients were included in the study if serum TgAb were measured between 1 month before and 6 months after initial surgery. Patients with very low-risk disease, defined as papillary thyroid carcinoma ,1 cm without extrathyroidal extension or metastasis, were excluded from analysis.
Treatment and follow-up
Initial treatment consisted of near-total thyroidectomy (including lobectomy followed by completion thyroidectomy) or lobectomy alone. In all patients, central and/or lateral lymph node dissection was performed based on clinical findings. Postoperative radioactive iodine (RAI) ablation with 131 I was performed in most patients. Thyrotropin suppression was used to a target of ,0.1 mIU/L. Standard postoperative ultrasound surveillance was performed in all patients every 6 to 12 months.
In patients whose initial therapy included near-total thyroidectomy followed by RAI, we assessed the presence of persistent or recurrent disease within the first 3 years of followup, or until the end of the study period. A minimum of 6 months follow-up after RAI was required for inclusion in this analysis. Patients were classified as having no evidence of disease (NED) or persistent/recurrent disease. Patients without TgAb during follow-up (including those who were initially TgAb positive and later became TgAb negative) were considered to have NED if they had suppressed Tg ,0.2 ng/mL or stimulated Tg ,2 ng/mL, negative neck ultrasound, and (if performed) negative radioiodine whole-body scan. Patients with TgAb during follow-up were considered to have NED if they had both negative neck ultrasound and negative radioiodine whole-body scan. At the time of this study, our program did not routinely measure Tg levels by mass spectrometry in patients with circulating TgAb. Persistent/Recurrent disease was defined by either histopathological diagnosis of malignancy in surgically resected tissue, stimulated Tg .2 ng/mL, or abnormal uptake outside the thyroid bed on radioiodine whole-body scan. For patients with iodine-avid cervical lymph node metastases identified by initial RAI, we considered surgical resection of these metastases within 12 months after thyroidectomy to be part of initial treatment of the purposes of assessing the presence of persistent/recurrent disease.
Data collection and analysis
Patient features, including age, sex, and clinical and laboratory data, were obtained from hospital records and entered into the REDCap data capture tool (21) . Based upon the standard of practice at our institution, surgical resection margin was considered to be negative for tumor unless specifically noted to be positive in the histopathology report. Presence of clinically significant TgAb was defined as a measured TgAb concentration above the upper limit of the assay reference range. For analysis of initial TgAb status, we included patients in whom TgAb were measured in a certified clinical laboratory by radioimmunoassay or immunochemiluminometric assay. To examine the natural history of TgAb, we analyzed only patients in whom all TgAb measurements were performed at our institution, because of the variability of TgAb measurement between assay methods (22) . At our institution, TgAb were measured using a series of different chemiluminescent immunoassays over the course of the study period: Nichols Advantage The manufacturer's reference range was used for all TgAb assays except the Roche assay, for which a lower reference range was internally determined in our institution. To account for differences in TgAb assay methods over time, measured concentrations of TgAb were normalized to the upper limit of the reference range for each assay. In patients initially positive for TgAb, clearance of TgAb was defined as the date of the first measured TgAb concentration within the reference range.
Duration of follow-up and time to TgAb clearance were calculated from the date of initial surgery. Potential associations between subject features and TgAb presence or clearance were examined by Fisher exact test or by Wilcoxon rank sum test, and P , 0.05 was considered significant. Spearman correlation was used to assess the association between initial TgAb level and time to TgAb clearance due to the skewed distribution of initial TgAb levels. Associations between initial TgAb status and persistent/recurrent disease were assessed by Fisher exact test. Multiple logistic regression analysis was used to calculate the odds of persistent/recurrent disease based on TgAb status, controlling for patient characteristics found to be significantly associated with TgAb in univariate analysis. To account for potential referral bias (e.g., preferential referral of TgAbpositive patients to our tertiary care center), we performed a prespecified sensitivity analysis in which all analyses were repeated after excluding patients referred to our institution after their initial diagnosis of thyroid cancer. Because excluding these patients did not alter the results, only the results of the primary analysis are presented. SAS software (Cary, NC) was used for statistical computations. This research was approved by the Boston Children's Hospital Institutional Review Board.
Results
Patient characteristics
A total of 96 patients #18 years of age with nonmedullary thyroid cancer was seen during the study period. Seventy-three patients met the study inclusion criteria, and their characteristics are shown in Table 1 . The median (range) age at diagnosis was 14.8 (6.1 to 18.9) years, and 57 of 73 patients (78%) were female. Initial surgery consisted of near-total thyroidectomy in nearly all cases. Lobectomy alone was performed on only three patients (4%), one with a 2.5-cm follicular carcinoma containing capsular but no vascular invasion, and two others with 2.5-to 2.7-cm follicular variants of papillary thyroid carcinoma who initially declined completion thyroidectomy for personal reasons, but eventually underwent completion thyroidectomy 2 and 6 years later, respectively. Most patients had papillary thyroid carcinoma (92%), and the remainder had follicular thyroid carcinoma. The median (range) tumor size was 2.5 (0.3 to 6.5) cm. Based on our inclusion criteria, three patients with dominant tumors measuring ,1 cm were included due to the presence of locoregional lymph node metastases.
Prevalence of TgAb at diagnosis
TgAb were present in the initial serum sample in 30 of 73 (41%) patients. Table 1 shows the relationship of subject characteristics to the presence or absence of TgAb at diagnosis. The prevalence of TgAb at diagnosis did not vary by age at diagnosis or sex. The presence of TgAb was associated with a higher prevalence of lymph node metastasis (83% vs 53%, P = 0.01). The association between TgAb and positive surgical resection margin approached statistical significance (40% vs 19%, P = 0.06). Tumor size, distant metastasis, and initial treatment (including surgical approach and use of RAI) were not associated with the presence of TgAb.
TgAb were present in 30 of 67 (45%) patients with papillary thyroid cancer but absent in all six patients with follicular thyroid cancer (P = 0.04). In a post hoc analysis excluding patients with follicular thyroid cancer, the difference between TgAb-positive and TgAb-negative subjects in the prevalence of lymph node metastasis decreased from 30% (83% vs 53%, P = 0.01) to 21% (83% [7] 3 [7] 2 [7] a N [% of column total] or median (minimum to maximum).
b Testing for difference in distribution of characteristic between antibody-positive and antibody-negative patients, by Wilcoxon rank sum or Fisher's exact test.
vs 62%, P = 0.06). Other associations reported in Table 1 were unaffected by exclusion of patients with follicular thyroid cancer.
Natural history of TgAb
The median (range) duration of follow-up for the overall study cohort was 72.7 (2.9 to 238) months after initial surgery. Of the 30 patients initially positive for TgAb, five were excluded from analysis of natural history due to lack of follow-up TgAb measurements at our institution. The remaining 25 TgAb-positive patients were followed for a median (range) of 45.5 (22 to 146) months. During this time, 11 of 25 (44%) patients became TgAb negative, with a median (range) time to clearance of 10.7 (2.3 to 35) months (Fig. 1) . All patients who cleared their TgAb did so in ,22 months, except one patient who cleared after 35 months. In only one patient did apparent clearance of TgAb coincide with a change of TgAb assay method.
Patients who cleared their TgAb had lower median initial TgAb levels than those who did not clear (4.5 vs 76 normalized units, P = 0.003; Fig. 2 ), although there was substantial overlap in initial TgAb levels between the two groups. TgAb eventually cleared in all patients whose initial TgAb level was ,10-fold the upper reference limit (n = 8). Among patients whose TgAb resolved, the time to TgAb clearance was directly correlated with initial TgAb level (Spearman r = 0.6, P = 0.05), and all patients with initial TgAb levels ,threefold above the upper reference limit had resolution of TgAb within 1 year. There was no association between the likelihood of TgAb resolution and any other patient or disease characteristics we examined, including age, sex, surgical approach, treatment with RAI, tumor size or type, positivity of surgical resection margin, or lymph node or distant metastasis.
Association of TgAb with persistent/recurrent disease
To assess the association between initial TgAb status and the risk of persistent/recurrent disease, we analyzed the subset of patients in our cohort who had received more extensive initial treatment consisting of near-total thyroidectomy and postoperative RAI ablation. Of the 73 patients in the full cohort, 12 were excluded from the analysis of persistent/recurrent disease because of treatment with lobectomy only (n = 3); no treatment with RAI due to loss to follow-up (n = 2), patient preference (n = 2), or low-risk disease (follicular variant of papillary thyroid carcinoma ,1.5 cm, n = 2); or follow-up duration ,6 months after RAI (n = 3). The remaining 61 patients were assessed for the presence of persistent/recurrent disease during the first 3 years after RAI (Table 2 ). Of these, 36 patients (59%) were TgAb negative and 25 patients (41%) were TgAb positive at diagnosis. Overall, 25 of 61 patients (41%) had persistent/recurrent disease, which was confirmed by malignant histopathology on surgical resection of locoregional metastases (n = 15); presence of iodine-avid disease in the lungs (n = 5) or lateral neck/mediastinum (n = 4); or stimulated Tg 8 ng/mL (n = 1). Persistent/ Recurrent disease was more prevalent in patients who were initially TgAb positive (60%) than in those who were initially TgAb negative (28%), a significant difference [odds ratio (OR) 3.90, 95% confidence interval 1.29-11.78, P = 0.02]. Clinical features that could account for this relation include those shown in Table 1 to be associated with TgAb status: type of cancer, resection margin, and lymph node metastasis. Of these, only lymph node metastasis showed the potential for confounding by virtue of a strong association with persistent/recurrent disease (P = 0.008). The relation between persistent/ recurrent disease and TgAb status was no longer statistically significant after adjustment for lymph node metastasis (OR 3.20, 95% confidence interval 0.95 to 10.80, P = 0.06). Median duration of follow-up was equal in TgAb-negative and TgAb-positive patients, but a higher proportion of TgAb-positive was followed for ,3 years due to having been diagnosed ,3 years before the end of the study period (Table 2) .
Whole-body radioiodine scintigraphy was performed in all TgAb-positive patients (as a condition of inclusion in this analysis) and in 23 of 36 TgAb-negative patients. Among the 13 of 36 TgAb-negative patients who did not undergo scintigraphy, persistent/recurrent disease was diagnosed in three patients based on abnormal ultrasound findings followed by histopathologic confirmation in resected tissue, whereas the remaining patients were confirmed to have NED based on stimulated Tg ,2 ng/mL (n = 8) or suppressed Tg levels ,0.1 ng/mL (n = 2).
Discussion
Measurement of serum Tg is a critical component of disease surveillance for adults and children with differentiated thyroid cancer (1, 23) . However, circulating TgAb can confound serum Tg measurement, which may limit the ability to assess response to treatment or delay the detection of persistent or recurrent disease. Although recent consensus guidelines recommend an approach to TgAb in pediatric thyroid cancer similar to that recommended in adults (23) , minimal data exist regarding the role of TgAb in children, and extrapolation from adult data may not be appropriate. This study describes the prevalence, natural history, and clinical significance of TgAb in pediatric thyroid cancer.
In our cohort, TgAb were present at diagnosis in 41% of children with thyroid cancer, a prevalence higher than that reported in adults (20% to 30%) (2, 4, 12, 13) . Because the presence of TgAb at diagnosis was associated with the presence of lymph node metastases, it is possible that a higher prevalence of TgAb in children could reflect the tendency of pediatric thyroid cancer to present with more advanced disease than in adults, including more local and distant metastasis (24) (25) (26) . Indeed, in our cohort, the prevalence of lymph node metastasis (66%) was significantly higher than in reports of adults with thyroid cancer (11, 27) , but similar to that of other recent pediatric series (28, 29) . The mechanism underlying the association between TgAb and lymph node metastasis is not clear, but potential reasons might include advanced tumors generating a more robust immune response in the thyroid or within lymph nodes, or differences in Tg expression or immunogenicity in more aggressive tumors.
After initial treatment of thyroid cancer, TgAb concentrations tended to decrease in our patients over time. TgAb eventually resolved in nearly half of patients over a median follow-up of 3.8 years, and all but one patient who cleared their TgAb did so within 2 years after initial surgery. Furthermore, the initial TgAb level was inversely related to the likelihood of TgAb resolution and directly related to the time to resolution. This indicates that, although TgAb may hinder early monitoring in a substantial proportion of children with thyroid cancer, this is a transient issue in about half of patients, and within a relatively short time the disappearance of TgAb will once again permit disease surveillance using Tg levels. Conversely, in the other half of pediatric patients, TgAb may persist over long periods, and this phenomenon appears to be more common than in adults. For example, although initial rates of TgAb clearance in children and adults appear similar, TgAb eventually resolve in 60 to 70% of adult patients over 3 to 5 years of follow-up (11-13). In contrast, of patients in our cohort in whom TgAb persisted for at least 2 years, only one of 13 (8%) had resolution of TgAb over a median (range) followup of 4.7 (2.1 to 12.1) years from diagnosis. This discrepancy might be due to age-related differences in immunologic response. Although TgAb appear to be useful for longitudinal surveillance of thyroid cancer activity, the prognostic significance of TgAb status at diagnosis remains unclear. Some studies in adults suggest that TgAb may be associated with an increased risk of disease recurrence (10, 11) , whereas others find no such association (27, 30) . To address this issue in our pediatric cohort, we analyzed the prevalence of persistent/recurrent disease in the first 3 years after initial treatment in patients with or without TgAb at diagnosis. We found that persistent/recurrent disease was more than twice as common among TgAbpositive patients as among TgAb-negative patients. This result is consistent with a recent study of 1240 adults with thyroid cancer in whom TgAb were associated with a twofold increase in the rate of persistent disease (17% vs 8.4%) and a fourfold increase in recurrence rate (5.8% vs 1.4%) after 1 year (11) .
Because our analysis does not account for all risk factors for persistent/recurrent disease proposed by current consensus guidelines (1, 23) , whether TgAb represent an independent risk factor for disease persistence/recurrence remains unclear. TgAb are associated with lymph node metastasis, which is a known risk factor for persistent/ recurrent disease in pediatric thyroid cancer (28, 29) . After adjusting for the presence of lymph node metastasis, the association of persistence/recurrence with TgAb positivity was no longer statistically significant (P = 0.06); however, adjustment for lymph node metastases did not substantially alter the OR for this association (3.90 vs 3.20) , suggesting that a significant relationship between TgAb positivity and persistence/recurrence has not been entirely excluded and might be detected in a larger sample with greater power. Importantly, this association was not due to differences in sex or distant metastasis-which are associated with persistence/recurrence (28) but not with TgAb (Table 1 )-nor in treatment intensity (e.g., extent of initial surgery, use of RAI) or duration of surveillance between patients with and without TgAb. Although lessprevalent use of whole-body scintigraphy might theoretically have resulted in relative underdetection of persistent/ recurrent disease in TgAb-negative patients, this is unlikely because disease status was determined with high confidence in all TgAb-negative patients who did not undergo scintigraphy. Therefore, although our finding of a possible association between TgAb and disease persistence/ recurrence is provocative, its borderline statistical significance and possible confounders make it premature to conclude definitively that the presence of TgAb at diagnosis is an independent risk factor for disease persistence/recurrence or should be taken into account in initial treatment decisions.
More TgAb-positive patients in our cohort had followup for ,3 full years, which may be related to the specific TgAb assay used during the last 3 years of the study. However, this potential difference is unlikely to have affected the analysis of disease persistence/recurrence for two reasons. First, shorter follow-up in TgAb-positive patients would, if anything, be expected to reduce detection of persistent/recurrent disease, leading to underestimation of the observed association. Second, of the nine TgAb-positive diagnosed within the last 3 years of the study, seven had TgAb concentrations in the range demonstrated to cause interference with serum Tg measurement (.115 mIU/L) (31), and therefore confidently can be considered TgAb positive. The remaining two patients had mildly positive TgAb that quickly cleared, and subsequently had NED based on negative ultrasound, scintigraphy, and stimulated Tg levels (,2 ng/mL). Thus, although these two patients might have been classified as initially TgAb negative on a different TgAb assay, their inclusion in the TgAb-positive group, if anything, underestimates the association between TgAb positivity and persistent/recurrent disease.
In our cohort, TgAb were detected only in patients with papillary thyroid cancer and not in those with follicular thyroid cancer. The attenuation we observed in the association between TgAb and lymph node metastasis after excluding the six patients with follicular carcinoma could be due to a number of factors. One potential factor is decreased sample size leading to insufficient power to detect a true association. Another possible factor is confounding by the presence of follicular carcinoma, which might have accounted for part of the association between TgAb and lymph node metastasis. Such confounding would necessarily be attributable to two associations: first, no patient with follicular carcinoma in this cohort had lymph node metastasis; second, follicular carcinoma may be less likely (for unknown reasons) to induce TgAb. Although the latter association is possible, perhaps due to differences between papillary and follicular carcinoma in antigen expression and/or tumor interaction with the immune system, at present it remains hypothetical, as we are aware of no prior evidence suggesting that follicular carcinoma is intrinsically less likely than papillary carcinoma to induce TgAb. Finally, we cannot exclude residual confounding between follicular carcinoma and unmeasured patient or disease characteristics that may be associated with TgAb.
This study has several limitations. The relatively small cohort size limits our power to detect differences between groups. Because our institution is a tertiary referral center, selection bias may be present due to the disproportionate inclusion of patients with more severe disease. However, our results were unchanged in a prespecified sensitivity analysis excluding patients referred from other institutions, making such selection bias unlikely. Finally, although this study was performed in a single center, over its 16-year time span different TgAb assays were used at different times. Because different TgAb assays may yield varying results even in the same patient sample (4, 32), assay changes might have contributed to variation in TgAb concentration within and between patients. We sought to minimize this issue by analyzing TgAb status dichotomously as positive or negative (not a continuous concentration) based on the upper limit of each assay's reference range. However, the apparent presence or absence of TgAb may depend on the specific assay used, and TgAb reference ranges defined by assay manufacturers may not reflect the ability of circulating TgAb to interfere with measurement of serum Tg levels (31) . This variability in the detection and functional significance of TgAb is a limitation of our study. Nevertheless, because this study was designed to inform clinical practice, we used the clinical laboratory reference range for TgAb, which is a strength in that it accurately reflects the reality of TgAb testing in clinical practice. Although a change between TgAb assays could theoretically have affected when TgAb appeared to resolve in individual patients, disappearance of TgAb coincided with a change in assay platform in only one patient, which is unlikely to have affected our results significantly.
In summary, this study directly assesses the behavior and clinical significance of TgAb in children with thyroid cancer. We show that the prevalence of TgAb is higher in pediatric compared with adult thyroid cancer, but that TgAb resolve over time in half of these childrenparticularly those with low TgAb levels-allowing Tg levels to be used for tumor surveillance within 1 to 2 years of initial diagnosis. TgAb were associated with more advanced disease at presentation. Although our data suggest that TgAb might represent a risk factor for shortterm disease persistence/recurrence, this requires further investigation in larger studies that account for additional potential confounding variables. At this stage, our data do not support the use of more aggressive initial therapy (e.g., use of RAI or increased RAI dosage) solely on the basis of initial TgAb status; rather, management should be based on established risk stratification systems that have been validated in adult and pediatric disease (1, 23) . Overall, these data support the concept that pediatric thyroid cancer has both similarities to and differences from adult thyroid cancer, and reinforce the importance of larger, prospective studies of pediatric thyroid cancer to inform the evidence-based care of these children.
